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COMPARISON BETWEEN CALCULATED AND MEASURED LOADS ON
WING AND HORIZONTAL TAIL IN PULL-UP MAﬁEUVERS
By Cloyce E. Matheny

SUMMARY

Comparlsons have been made of measursd and calculated
loads on the wing and the horizontal tall in pull-u
maneuvers for six alrplanes ranging in weight from E,?OO
to ;8,000 pounds. The calculated loads were based on the
control motlions measured in flight. The aerodynamlc¢ char-
acterlistics of the alrplanes requlred for the calculations
were elther obtalned directly from wind-tunnel data or
computed.

Good agreement was obtalined between calculated and
measured loaeds for a speclfled elevator deflection when
relliable wind-tunnel data were avallable and when the
elrplaene maneuvers were conslstent with the assumptions.
The fact that only falr agreement was obtalned 1n some of
the ceses was attrlbuted eilther to poor gquantitative
knowledge of the aerodynamlc parameters or to the viola-
tlon of the assumptions on which the method 1ls based.

INTROLUCTION

During the past few years much work has been
done 1n an attempt to relate tall loads more closely
to the asrodynamic and geometrlc characteristlics as well
as to the functional requlirements of the alrplane. TIn
varlous reports that have been written on thls subject
elther of two apprdaches has been used: namely, (1) to
proceed from a specified control motion to the determina-
tion of the wing and tall loads, as in reference 1l; or
(2) to proceed from a specified wing-load varlation to
the determination of the tall load and elevator motlons,
as 1n reference 2. DBoth methods depend on a solutlion of
the equations of motion for a rigid body and consequently
require a knowledge of the aerodynamic and geometric
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characteristics of the alrplane. The loads computed are
thie resnltant alr loads that act over the horlzontel
surfaces; therefore ths solutlons cbtained do not indicate
possible adverse chordwlse or svanwlse dlstributions or
the buffeting talli-load lncrement.

Rocently a :nmethod basaed on tiwe debtermination cf the
wing and tall loads for a sveclfled control motion has
heen recornended as a »nart of the eirplene 1load design
requirements for the Army (refersnces 3 and L). Since
the apnllicaticn orf this method revqulres coaslderable time,

t ssems desiranle to determine the agreement that can be
expected between measured ané calculated results.

The objJject of the presesnt rsport 1s to give
results of comrarlecns betwoern maasured and calculated
wing ancd tall loads in mull-np manevvers for six alrplanes
renging in weight froa l.,700 to L8,000 pounds. The flight
date viresented haroin are twvplcal ard are taken Ircm
unpublished results measvred ln flilght durlng the past
five years.

SYMBOL3

w airplane welght, pounds

g eccoleratior of gravity, feet ner second?

m eirplene mzss, slugs (W/g)

S gross wing area including area within fuselage,
square feet

3¢ gross horlzontal-tall area including erea inter-
cepted by fuselage, square Ieet

b wing span, feet

by tall =pan, feet

ky radlus of gyration about pltching axis, feot

Iv moment of lnertie about pitching axls, slug—feet2

Xy length from center of gravitj of alrplane to

aerodynamic center cf tall (negative for con-
ventionsl alrplanes), feet
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6 alr density ratlo (P/Py)
v airsééed;uééet ﬁer second
Ve equivalent airspeed, miles per hour
")
1.467 /
M Mach number

‘mass density of alr, slugs per cublec foot

q dynamlc pressure, pounds pef équare'fqot
1 .2 '
(2‘“’ )
) tall efficlency factor (qt /q)
L 1ift, pounds
Cr, 11ft coefficient (L/qS)
Cp pltching-moment coefflcient of alrplane
without horizontel tall Moment Xx L
q82
a wing angle of attack, radlans
Gy equivalent tall angle of attack, radians
6 elevator angle, radlans
€ downwash angle at tall, radians"(%i %)
a
K empirical constant denoting ratio of damping

moment of. complete alrplane to dempling
moment of tall alcne

n airplane load factor

Kl',Kéf,KB' nondimenslional constants occurring in baslec
differential equation

The notations & and & denote slngle and double differ-
entiations with respect ta time. °
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Subscripts:
t tall
0 sea-level condlitlons

METHOD

Although, as previously stated, there are a number
of methods evajlable for computing the wing end tall loads
for any elevator motion, the method used hsrein for all
the computations is that described 1n reference 1. Thils
method 1s simllar, as rfar as basic assumptlons are con-
cerned, to thet of reference l| but differs in small
detalls suchh &s type of esxes used and computational pro-
cedures employed. The beaslc assumptions underlylng the
method ere that:

(1 The change in load factor in & pull-up or pull-
out, as a result of attitude change, iz small with respect
to that due to change in angle of attack

(2) The serodynamlc guantities are linear functlons
of angle of attack

(3) The speod is constant during the maneuver
(1) The effects of flexibllity are neglected

With these assumptlons the differential equation of
motion for a unit elevator deflectlon becomes

H+K1|G..+K2' AG-:K5' A5(1) (l)

wheres Fj!, Kz'; and KS' eare functions of.the aerody-

namlc and geometrlec characterlstics. With the unit solu-
tion of equation (1) known, Aa and a are evaluated for
any control motion by applying Duhamel's lntegral theorem.
"he increment in load factor An 1s related to Aa
through the equation .

- dGL AG_q
da Ww/3

An (2)
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The increment in equivalent tall angle of attack 1a related
to--Aa - and a through.the equatlion o ..

de dCy, p 8 X4 o Xg fde 1 da
Ao, = Al = == = —= = = — a _— = —t
t < da da 2m yn vV \da V’T']' + das 45 (3)

and finally the tail load follows from equatlon (3) as

ac
ALy = 3o, Aoy NQSy (L)

BASTIC DATA FOR CALCULATIONS

Flizht date.- Tl.e flight data used in the calcula-
tions are glven in filgure 1. This flgure shows the time
varlation of elrspesé and elevator position measured
during either pull-uns or ¢ive pull-outs made with the
SB2C-1, P@¥-3, P-l2K, XP-51, 37-9B, und B-2,D airplanes.
The wing and tall lozds corresponding to these control
moticns and alrsnesds are included in the figures giving
the comparlsons between culculated und measured values,

Aerodynamlc paremeters.- The aerodynamic paramsters
required ure:

dcr,
=L slope of alrplane 1lift curve. Thls quantity was
da obtalned, whenever pcssible, from wind-tunnel
tests of elther the comnlete airplane or a
ac
model. TFor the PBM-%Z seaplane, 7;% was esti-
mated from tests of a model of a simllar sea-
plane.
dCLt
—_— slope of tall-»nlane 1ift curve. Thls quantlity was
dag obtalned, whenever possible, from wind-tunnel

tests of the isolated tall or from tall-on
tests made with dlfferent stabllizer settlngs.
When such data were not avallable from tunnel
tests, they were obtained from reference 5.
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rate of change of downwash at tall with angle of
attack. Thls factor was determlned, whenever
posslble, from results of downwash surveys
belhind a particular model or from moment differ-
ences between tall-on and tall-off wind-tunnel
tests. When experimental results were not
avallable, thlis factor wes computed from the
results given in reference 6.

tall efficiency factor. When possivle, this fac-
tor was obtalned from total-head surveys in the
region of the tail. When such surveys were not
avallable, the method suggested in reference 1
was used to detsrmine this quantity.

empirical demplug factor, ratio of damrlng moment
of comnlete alrplane to that of tall. In the
calculations thls value was teken elther as l.1
or 1.25, dspending upon the alrplane configu-
ration.

oelevator effectivensss. This quantlty was obtalned
from reference 5 whenever specific wind-tunnel
tests were not avallable for 1ts determination.

slope of airplane moment-ccefficient curve (minus
tall). This quantlity was determined from wind-
tunnsl tests of elther a model or the airplane.
The values obtalned from the tunnel wore
adjusted for the particular center-of-gravity
poslition of Lthe flight teats. For the

dac
PR -3 seaplane, T;E was estimated from tests
a

of- a modol of a similar seaplane.

rate of change of tail moment coeffliclent with
elevator deflection for 1solated tail. Except
in the case of the BI-9B airplane, this
gquantity was computed from results similar to
thoses glven in reference 7.

The aerodynanmic parameters for all eirplanes under

consideration are comviled 1in table I. JTow-speed wind-
tunnel data were used in all the foregoing parameters
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except for a :few valués on £he X°-51 airplane, which were
taken from Wind-tuniiel data at the  flight Mach number.
The remeainder of the parameters for thls alrplane were
corrected for the effects of Mach number by the Prandtl-

Giaeéfﬁ factor 1 . No corrections were made to the
1 - M2 \
1ow-speed values fdr the other airplanes.

In. order to check the- validity of these calculations,
an individual case was calculated whereby the' effects of
compressibllity were taken into account for a dive by the’
SB2C-1. ailrplane at a Mach number of 0.61. Results from
these celculations showed that at thls Mach number the
loads calculated usinzy parameters corrccted for compressi-'
bllity effects were not appreclably different from the
loads calenlated using low-speed values of the parameters.

Physical and geometric characteristics.—'The physlical
and geometric characteristics of the alrplanes were deter-
mined principally from manufacturers' data and are presented
irn-deteld In fable II. :

RESULTS

The increments in acceleratlion and tail loads com-
nuted from the buslc data given In figyre 1 and 1in
tables I and II are shown in figurés 2 to 10. In these
figures the dashed lines represent the calculated values
and the full lines, the measured values. The measured
tall loads were obtained by use of pressure distributions,
electrical straln gages, beam deflectlons, or dynamometers.’
Table ITI summarlizes the tall load condltions represented
I1n the various flgures and glves the estlmated accuracy
of the measurements. )

In these comparisons' (figs. 2 to 10) the tall loads
given as "measured tall loads" have heen converted to alr
loads; that 1s, lnertla effects have been sllminsted
when necessary. In each case the comparlson- 1s made of
the lncrements in load measured wlth respect to.the loads
at the lnstant the maneuver was considered to.have been
started.

The measured accelerations were oBtaineq with a.
standard NACA accelerometer located ‘rmear the center of
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gfaﬁity. The measured accelerations are accurate to
about +0.05g.

DISCUSSION

The comparisons given in figurss 2 to l; for the
SB2C-1 airplene indlcate good agreement between the calcu-
lated and measured tall loads for thne three tynical dilve
pull-outs chosen. The me2asured data were obtained at
Nach nunbers belcw the critical value for thls alrplane,
0.67, and in relatively guick null-upse. Such conditlons
favor the assumptlions on which the calculatlons were )
based: namely, linear varliatlon cf aerodynamic quantltiles
with angle of attack, and small attitude and speed changes
during the mansuver. A great decal of conslstent wlnd-
tunnel data were also avallable for this sirplane in the
form of force tests and wake surveys behlind a model.
Although the flight conditions shown in figures 2 to L are
not the critical ones for which calculations would ordi-
narily be made, the fact that the calculated and measured
tall loads per g are epproximately the seme 1indlcates that
the method could be used to vredict loads wilth good accu-
racy for conditlons other tkan those tested.

The ccinparison shown Iin figure 5 for a pull-up with
the PRf-3 seaplane shows good agreement in the acceleratlon
increments obtained. This calculatlion represents one for
which & minimum of wind-tunnel cata was wavalluable. The
pull-up wus made from & shallow dive and in such a way
that both small attitude end veloclty change resulted.
Although no tail loads were measured iIn flight on this .
seaplane, the calculated tall loads are thought to be of
interest.

The results shown in figure 6 for a dive pull-out
with the P-40Z alrplane show poor agreament between the
acteleration and tall-load increments. The disagreement.
can be attributed only to a lack of quantlitative mowledge
of the aerodynemlc paramoeters rethar than to any large
departures from the assunptlons on which the methods are
based. The asrodynunmlce Farameters belleved to be princi-
pally at fault in the P-LOK results are dCph/da and
end de/da. In the determination of these quantities,
data were dvallable from low-speed tests made at the
Alr Technical Service Command, Wright Fleld on a small
propellerless model of an early version of the P-40 series.
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- In addition,.somse. tests _were available from the Langley
full-scale tunnel of the XP-Jj0 and P-/ 0K airplanes. Data
from the Langley tests were somewhat limilted since the
tests were conducted for otner purposes. The data that
could be pleced together from these sources indicated not
only a large value of de/da but also considerable
scatter. :

In the light of the results gilven in figure 6, it
may be stated that a smaller value of either A4Cp/da
or de¢/da would have resulted in a closer agreement as
regards the maximum loads at the expense of a poorer
agreement in the loads sequence? Thls reasoning is based
on experiences with computations of this nature (see
roference 8) and on the fact that the differential equa-
tion of motion o:x which the calculatlons are based corre-
spends to that »f a forced vibtration with viscous dsmplng.
Tor such a system relatively large changes in damping
would produce only slight changes in the frequency;
whereas changes In the factors Influencing the restoring
force - that 1s, ce/da and dCp/da -~ would change the
frequency. Clecser agreement would result in this per-
ticular case if either or both dCp/da and de¢/da should

be decreased simultaneously with an increase 1n the damplng
factor K and/or the redius of gyration ky. The

increase that would be regquired 1n these factors to obtaln
a close agreement would have to be larger than could be
attributed to possible lnaccuracles 1n these gquantitles.

In flgure 7, for the XP-51 alrplane, pocr agreement
was obtalned between mecasured and calculated wing loads-
In spite of the fuct that extensive wind-tunnel data were
avellable for thils alrplane; whereas in flgure B closer
agreement was obtalined. Figure 1l(s) shows that large
speed changes occurred with the nmull-out shown - ln filgure 7,
and the corresponding attitude changes were probably
large. Flgure 8 indicates that better agreement in
acceleratlon increments was obtalned in a relatively
short-period pull-out than .in the pull-out represented by
figure 7, which required 16 seconds. The experimental
accuracy of tall-load measurement was relatively poorer
t11an6:§'or the SB2C-1 and P-iOK airplanes (figs. 2 to L
and .

The agreement shown in figure 9 for the BT-9B alr-
plane 1s only falrly close in spite of the fact that com=-
plete serodynamic data were avallable for the actual
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alrplane and tall surfaces from teats made in the Langley
full-scale tunnel. All the fllight tests avallable from
which a pull-up could be chosen, however, were of such a
nature that large changes ln both speed and attitude
occurrad during the mancuver and on this account poor
agreement might be expected. Also the flight tests were
conducted at a center-of-gravlity location and speed such
that the measured teall loads were relatively small.

Figure 10 shows the comnarison between calculated
and measured increments of acceleration and tall load for
the B-2)|D alrplane. No conclusions can be drawn concerning
the lack cf agreement 1n the curves for tall-load increment
becense of tihe sparse straln-gage installation used in
obtalnling the tall loads. In thoe interpretation of the
flight results to obtain tail loads, 1t was necessary to
estimate both chordwlse and spanwise load centers. Errors
in the estimation of these centers wculd cause errors 1n
tull load in irdivicdual runs that are even larger than
those nreviously listed.

CONCTUSIONS

Cnmparisons have been made of measured and calculated
lnads on the wing and the horizontal tail in pull-u
manevvers for six clrplanes ranglng In weight from ﬁ,?OO
to 48,000 pounds.

l. The agreement between calculated end measured
wing- and tall-load Increments for a snecified elavator
deflection was good when rellable wind-tunnel data were
avallable and when the alrplane maneuvers were ln accord
with the assumptions.

2. Poor agreement was obtained for several com=-ur
parlsons. The poor agreement could be traced elther to
paor gquantlitative knowledge of the eerodynamic parameters
or to the vliolations of the assumptlons on which the
metliod is based.

Langley llemorieal Aeronautical Iaboratory
National Advisory Committee for Aeronautics
Langley I'leld, Va.
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TABLE I.-~ AERODYNAMIC PARAMETERS FOR AIRPLANES UNDER CONSIDERATION

=
>
(@]
>
Alrplane sB2C-1 " Xp-51 ] ::;
PBM - P-40K - -
Parameter Dive 6 | Dive 10 | Dive 11 3 Flight | Fllght BT-98 B-24D o
-
acr, . & [ 1 a a [ l >
Slope of airplane 1ift curve, ey radians L.50 L.50 4.50 5.00 5.16 6.05 5.38 by, .67 45,30 .
a
[
9y b ® b b b b b ] bj o
Slope of tail-plane 1lift curve, » radigns 2.98 2.98 2.98 .30 3.0l Bz 50 B3 Ll 2.83 .33 =
ag ) —
Downwash factor, - % %.5L 4y 5), 4.5, c0.55 | "¥o.70 °0.46 ®0.56 %12 .32
Tail efficiency factor, n 9 .00 93.00 93.00 £€1.00 t1.02 ®0.99 %0.83 ep.81 (®d.90
Empirical damping factor, K g1.1 81.1 &1.1 €11 &1 Er1 | &2 81.25 | 81.25
dac . W
Elevator effectivensss, —d%‘i, radlans P1 kg 3 49 Lo by .83 by g5 | Pwmy gg | Pmy g2 Ji.56 b2.30
Slog; of alrplane moment curve (minus tail), “0.14,80 89 1,56 ap.1,68 10.14.00 80.446 %0.567 25.289 h0.176 85,756
__m’ radian
e .
Tall moment change with elevator angle, d_at’ T9.55 5,55 .55 £5.50 fo.50 [f+®a,50 | fomp 50 Jo.59 Tk
radian .
Ve, sirspeed, mph G, = Z67°1/ 2) 320 1,00 32, 190 38}, 410 316 16 250
Pressure altitude, h, ft 6,210 8,100 6,660 5,800 6,000 16,600 19,400 6,000 9,500
Alr mass density, p, slug/ftd 0.00197L { 0.001860 | 0.001950 | 0.002000 | 0.001988 | 0.001419 | 0.001259 | 0.001988 | 0.001780
Sprom wind-tunnel tests of model. bprom wind-tunnel tests of airplans.
PReference 2 1obtained by comparison with results of similer model.
CReference 6. From wind-tunnel tests of actual tail plane.
Survey behind model without tail plane. kAveusod from flight and wind-tunnel tests. :
®Derived from wind-tunnel tests by moment differences as in lSurvey taken on actual airplane with tall 1in place.
reference 1.
frrom tests of 1solated airfolls with various flap-chord ratios. ¥Corrected for compressibility by factor .
Bassigned. 1 - u2
(]
N

NATIOKAL ADVISORY
COMMITTER FOR AERONAUTICS



TABLE II.-~ PHYSICAL AND GEOMETRIC CHARACTERISTICS FOR AIRPLANES UNDER CONSIDERATION

Airplane SB2C-1 XP-51
Characteristics Dive 6 | Dive 10 | pive 11 | "2 P-Lox Flight | Flight BT-98 B-24D
Gross wing area, S, sq ft L23 L23 Le3 1407 236 233.2 233.2 | 248 1048
Gross horizontal-tail area, S;, sq ft 107.4 107.4 107.4 22 L8.6 L1.96 L1.96 L9 '198
Alrplane welght, W, 1b 11,983 | 11,755 11,910 45,000 8,140 | 7,780 7,575 L, 667 48,000
Wing span, b, It 50 50 50 118 37.29 | 37.03 | 37.03 L2 110
Horizontal-tall span, by, £t 19.04 19.04 19.04 28 12.8 13.18 13.18 13 26
Radius of gyratlon eof alrplane, ky, ft 6.5 6.5 6.5 15.0 5.9 5.4 5.4 5.9 10.5
Tall length, x;, ft -17.7 -17.7 -17.7 -41.0 -16.15 | -15.75 | -15.95 | -15.24 | -33.4
Mom:;iggiténertin of airplane, Iy, 15,690 | 15,420 15,620 31l,200 8,790 | 7,057 6,870 L,§87'— 163,750
Center of gravity of alrplane, 27.5 26.9 27.2 28.0 320.6 29.0 26.3 21.3 29.0
percent M.A.C.
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TABLE III.- SUMMARY OF TAIL LOAD CONDITIONS

Estimated
Method of
Fig. Airplane Maneuver measurement acfig?cy

2 3 ‘

ﬁ _ i SB2C-1 Dive pull-out Pressure distribution 150

5 PRM-3 Pull-up Tail loads not measured | <----==--.

6 P-LOK Dive pull-out Pressure distribution 450

T 1 ( Gradual dive )

XP-51 ! pull-out Beam deflection 150

8 ) 1 Dive pull-out '

9 BT-9B Pull-up Calibrated springs 50
inserted between -
tail and fuselage

10 B-2lD Strain gages

Dive pull-out

300

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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